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SUMMARY 

This review paper is the consequence of plasma introduction as a medium 
wuth specific electromagnetic properties in the problems of diffraction. It 
is done with the view of the newly opened up areas of this field, but clearly 
concentrating on the diversified requirements for practical applications, and, 
for space scientists, for radiocommunication in the presence of ionization 
irregularities, and, more particularly, with regard to the ionosphere. 

It contain four major sections, each divided into sub-sections, and 
covering all aspe s of plasma boundaries, cavities and states of homoge- 
neities or inhomogeneities. It goes as follows: 

INTRODUCTION 

1. LIMITING CASES OF LOW AND HIGH PLASMA DENSITY . Born Approximation 
Dense Plasma with Sharp or Weakly-Blurred Boundaries. Impe- 
dance Description 

2.  NUMERICAL COMPUTATIONS AND SHORTWAVE APPROXIMATION FOR A PLASMA OF 
ANY DENSITY 

. Reflection from a Uniform Nonabsorbing Sphere . Weak Plasma Boundary Washing . Plasma with Strongly Washed Boundary 

3. RESONANCE SCATTERING ON SMALL PLASMA OBJECTS 

. Dipole Resonance in Cold Plasma 

4 .  DIFFRACTION ON BODIES PLACED IN A NONUNIFORM PLASMA 

This section includes some comments with regards to the ionosphere. 

***** 
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INTRODUCTION 

General  R e m a r k  . The " in t roduct ion"  of  plasma as a medium wi th  s p e c i f i c  
e l ec t romagne t i c  p r o p e r t i e s *  i n  t h e  problem o f  d i f f r a c t i o n  began r e l a t i v e l y  
r e c e n t l y ,  no more t h a n  a couple  of decades ago. Never the less  , inasmuch as 
it opened up a new and broad a r e a  for  t h e  e f f o r t s  of t h e o r e t i c i a n s ,  and a l s o  
i n  connect ion wi th  t h e  d i v e r s i f i e d  requirements  of  p r a c t i c a l  a p p l i c a t i o n s ,  
such as t h e  microwave d i agnos i s  of l abora to ry  plasma, t h e  r a d i a t i o n  acce le-  
r a t i o n  of  plasma c l u s t e r s ,  t h e  l o c a t i o n  and radiocommunication i n  t h e  pre-  
sence of  i o n i z a t i o n  i r r e g u l a r i t i e s  i n  t h e  atmosphere and so  f o r t h ,  t h e  number 
of p u b l i c a t i o n s  i n  t h i s  f i e l d  has  exceeded a long t ime ago t h e  bounds of t h e  
e a s i l y r e w i e a b l e a n d  it cont inuous t o  grow r a p i d l y .  

I n  t h e  p r e s e n t  b r i e f  review no d e t a i l e d  and exhaus t ive  a i m  i s  l a i d  down 
f o r  t h e  d e s c r i p t i o n  of  t h e  contemporary s t a t e  of  t h e  problem as a whole. 
The c i r c l e  of  t h e  ques t ions  considered encompasses a c e r t a i n ,  t o  a c e r t a i n  
degree  s u b s t a n t i a t e d  and independent p a r t  of  them r e l a t e d  t o  t h e  r e g u l a r  and 
i s o t r o p i c  s t a t i o n a r y  plasma ( i . e . ,  not f l u c t u a t i n g  and not  magnetoact ive)  
w i th  a p u r e l y  e l e c t r o n  p o l a r i z a b i l i t y ,  assumed, as a r u l e ,  t o  be independent 
of t h e  magnitude and s t r u c t u r e  o f  the  f i e l d  and descr ibed  by t h e  complex d i -  
e l e c t r i c  constant** 

(02 c - 1 -  P 
w* - iov ' 

where w i s  t h e  f i e l d  frequency ( t h e  temporal f a c t o r  exp ( i w t )  being assumed) , 
v is  t h e  e f f e c t i v e  c o l l i s i o n  frequency, 
quency ( t h e  Langmuir f requency)  , e is t h e  charge ,  - m i s  t h e  mass of  t h e  e l e c -  
t r o n  and N i s  t h e i r  concen t r a t ion .  

= ( 4 ~ * N j m ) ' / ~  i s  t h e  plasma f r e -  

Relat ions h i D  w i th  C-sical Pr- of D i f f r a c t i o n  . I n  a such a narrow 
s t a t emen t  of t h e  problem t h e  d i f f r a c t i o n  on plasma appears  i n  essence as a 
c e r t a i n  g e n e r a l i z a t i o n  of  c l a s s i c a l  d i f f r a c t i o n  problems t o  d i e l e c t r i c  bodies  
(inhomogenous i n  t h e  gene ra l  c a s e )  with Re€ < 1, so t h a t  a l l  exhaus t ive  ana- 
l y t i c a l  s o l u t i o n s  could be  c a r r i e d  near ly  au tomat i ca l ly  t o  plasma o b j e c t s .  
This  conceriis q u i t e  a few exact  s o l u t i o n s  f o r  bodies  of s imples t  shape ( p l a n e  
l a y e r ,  sphe re ,  c y l i n d e r  [2]), as well  as s o l u t i o n s  obta ined  by approximate 
methods (shortwave and longwave approximations,  Born approximation e t c  . ) . 
I n  case  of  weak f i e l d  p e n e t r a t i o n  i n t o  plasma, t h a t  i s ,  f o r  s u f f i c i e n t l y  
g r e a t  nega t ive  va lues  of 8 ,  it i s  found t o  be  p o s s i b l e  t o  base  ou r se lves  
on s imple r  problems of  d i f f r a c t i o n  on bodies  wi th  impedance boundary condi- 
t i o n s .  

* 
** 

A s u f f i c i e n t l y  d e t a i l e d  enumeration of  plasma medium's s i n g u l a r i t i e s  

An important  except ion  w i l l  be c o n s t i t u t e d ,  however, by so e ques- 
may b e  found, f o r  example , i n  t h e  Ginzburg's book [ 11. 

t i o n s  of  resonance i n t e r a c t i o n ,  f o r  which t h e  non l inea r  e f f e c t s  and t h e  spa- 
t i a l  d i s p e r s i o n ,  condi t ioned  by thermal motion, may have a p r i n c i p l e  s i g n i -  
f i c a n c e  (see Sec t ion  3 ) .  
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I t  i s  i n d i s p e n s a b l e ,  howcver, t o  bear i n  mind t h a t  t h e  c l a s s i c a l  solu- 
t i o n s ,  r e l a t e d  as a rule t o  t h e  case  E > 1, must ,  g e n e r a l l y  speaking ,  t r a n s -  
f e r  i n t o  t h e  r eg ion  00 < E < 1 w l t h  a w e l l  known c a u t i o n ,  and i n  a s e r i e s  
of c a s e s  even a f t e r  a p p r o p r i a t e  reexaminat ion.  Two b a s i c  f a c t o r s  may be  out -  
l i n e d ,  which a r e  capable  t o  h inde r  t h e  d i r e c t  t r a n s f e r  of t h e  r e s u l t s  from 
one r eg ion  of va lues  of  E t o  another .  F i r s t l y ,  t h i s  is a c h a r a c t e r  v a r i a t i o n  
o f  t h e  spectrum of l o c a l i z e d  and q u a s i l o c a l i z e d  s o l u t i o n  of  s u p e r f i c i a l  wave 
t y p e .  I n  p a r t i c u l a r ,  f o r  0 < E < 1 t h e  wavelength i n  t h e  plasma i s  found t o  
be  g r e a t e r  t h a n  i n  t h e  sur rounding  medium (vacuum) and, consequent ly ,  t o  earlier 
l o c a l i z e d  ( f o r  E > 1) f i e l d s  now correspond e m i t t i n g ,  or t h e  s o  c a l l e d  waves 
w i t h  leakage .  A s  one passes  t o  nega t ive  va lues  of  E,  t h e r e  aga in  t a k e s  p l a c e  
a q u a l i t a t i v e  v a r i a t i o n  i n  t h e  cha rac t e r  of l o c a l i z e d  s o l u t i o n s :  " t r u e "  super- 
f i c i a l  waves appear ,  which are compressed t o  plasma boundary, r e t u r n  waves, 
waves w i t h  complex propagat ion  cons tan ts .  Obviously,  a l l  t h i s  a f f e c t s  sub- 
s t a n t i a l l y  t h e  format ion  o f  a d i f f r a c t i o n  f i e l d  o f t h e  o b j e c t s  w i th  g r e a t  ex- 
t e n s i o n  and compels us t o  c o n s t r u c t  f o r  them anew a system of proper  modes. 
I n  t h e  cour se  of  t h e  l a t e s t  y e a r s  such a work was performed r e l a t i v e  t o  s i m -  
p l e s t  plasma systems ( p l a n e - p a r a l l e l  p l a t e s  [3-5],  c y l i n d e r s  [61 ,  and,  t o  a 
known degree ,  a q u a l i t a t i v e  c l a r i t y  was in t roduced  i n t o  t h i s  q u e s t i o n ,  with- 
ou t  which t h e r e  could ha rd ly  be any p o s s i b i l i t y  of  i n t e r p r e t i n g  t h e  s t r u c t u -  
res of f i e l d s  i n  complex systems. 

The second f a c t o r  i s  c o n s t i t u t e d  by t h e  s i n g u l a r i t i e p  of f i e l d  behavior  
i n  t h e  neighborhood of plasma resonance s u r f a c e s  ( E  = 0 1 ,  which f o r  d i f f e r e n t  
f r e q u e n c i e s  may be  d isposed  p r a c t i c a l l y  i n  any p o r t i o n s  of t h e  plasma o b j e c t .  
A s  fo l lows  from t h e  c o n s i d e r a t i o n  of s imples t  plane-laminar  models [ T I ,  t h e  
s t r u c t u r e  of plasma-resonance r eg ion ,  i. e. t h e  c h a r a c t e r  of  E t r a n s i t i o n  
through ze ro ,  determined i t s  s h i e l d i n g  a c t i o n  and t h e  magnitude of  resonance 
l o s s e s  (which i n  case  of l i n e a r  t r a n s i t i o n  are in- re rse ly  p r o p o r t i o n a l  t o  i t s  
c u r v a t u r e  [ 8 ] ) .  On t h e  o t h e r  hand, t h e  s p a t i a l  d i s p e r s i o n  [ 9 ,  101,  man i fe s t  
by t h e  i n t e n s e  e x c i t a t i o n  of l o n g i t u d i n a l  plasma waves becomes s u b s t a n t i a l  
ear l ier  of  a l l  p r e c i s e l y  on t h e s e  ''zero'' s u r f a c e s ,  where t h e  component of t h e  
e l e c t r i c  f i e l d  E ,  p a r a l l e l  t o  VE,  has a s h a r p  m a x i m u m ,  and t h e  non l inea r  ef- 
f e c t s ,  l i n k e d  wi th  t h e  deformation of plasma equ i l ib r ium d i s t r i b u t i o n  under 
t h e  a c t i o n  of  t h e  f i e l d  does l i kewise  Ell]. 

I n  o r d e r  t o  be  a b l e  t o  b e t t e r  concen t r a t e  on t h e  s p e c i f i c a l l y  "plasma" 
problem (which obviously i s  by no means exhausted by t h e  two noted f a c t o r s ) ,  
w e  s h a l l  cons ide r  t h e  d i f f r a c t i o n  problems themselves  i n  a s imples t  p o s s i b l e  
s e t u p ,  d i g r e s s i n g ,  i n  p a r t i c u l a r ,  f rom t h e  s i n g u l a r i t i e s  i n  t h e  d i f f r a c t i o n  
of  l o c a l i z e d  [12 - 1 4 1  and pulsed  f i e l d s  [15], and from d i f f r a c t i o n  on com- 
b ined  systems (metal surrounded by plasma) [16] .  L e f t  a s i d e  are a l s o  t h e  
numerous problems of  t r a d i t i o n a l  c l a s s i c a l  d i f f r a c t i o n ,  such as t h e  d i s t r i -  
b u t i o n  o f  i l l u m i n a t i o n  nea r  t h e  region of  shadow boundary behind t h e  s c a t -  
t e r i n g  o b j e c t ,  t h e  e x i t  from t h e  Fraunhofer zone, t h e  d i f f r a c t i o n  on body 
s u r f a c e  breaks  and so  f o r t h .  We s h a l l  dwel l  on ly  upon s c a t t e r i n g  of p l ane  
or quas i -p lane  monochromatic waves on s imples t  s t r u c t u r e s  (most ly  w i t h  sphe- 
r i c a l  o r  c y l i n d r i c a l  symmetry) and on s imples t  d i f f r a c t i o n  c h a r a c t e r i s t i c s  
of o b j e c t s ,  i. e. t h e  e f f e c t i v e  s c a t t e r i n g  c ros s - sec t ions  (mainly b a c k s c a t t e r ) .  
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I n  view of  t h e  d i v e r s i t y  of parameters c h a r a c t e r i z i n g  t h e  p r o p e r t i e s  of 
t h e  s c a t t e r i n g  plasma o b j e c t  ( shape ,  dimensions , maximum va lue  and c h a r a c t e r  
of d e n s i t y  d i s t r i b u t i o n ,  e t c . ) ,  it would b e  extremely d i f f i c u l t  t o  s u s t a i n  
a r i g o r o u s  c l a s s i f i c a t i o n  of problems over t h e  e x t e n t  of t h e  e n t i r e  review 
wi thout  i ndu lg ing  i n  a u s e l e s s  formalism and avoid ing  unnecessary  r e p e t i t i o n s .  
Thus, a l though i n  t h e  expose sequence, adopted by us ,  t h e r e  i s  pe rce ived  a 
c e r t a i n  o r i g i n a l  c l a s s i f i c a t i o n  p r i n c i p l e  it i s  interwoven by t h e  magnitude 
of  plasma d e n s i t y  wi th  a c l a s s i f i c a t i o n  accord ing  t o  o t h e r  c r i t e r i a ,  s ay  by 
t h e  magnitude o f  t h e  r a t i o  of c h a r a c t e r i s t i c  dimensions t o  t h e  wavelength,  
by methods o f  s o l u t i o n  and, f i n a l l y ,  s imply by t h e  c h a r a c t e r  of plasma p a r t i -  
c i p a t i o n  i n  d i f f r a c t i o n .  The l a t te r  found i t s  expres s ion  i n  a s p e c i a l  sub- 
s e c t i o n  of  s e c t i o n  4, where plasma i sv iewed not  as an o b j e c t  o f  d i f f r a c t i o n ,  
bu t  as an inhomogenous medium f i l l i n g  a s i g n i f i c a n t  p a r t  of t h e  cour se  between 
t h e  emitter and t h e  s c a t t e r i n g  ob jec t .  Here t h e  p r i n c i p a l  a t t e n t i o n  i s  g iven  
n o t  t o  t h e  p r o p e r l y  d i f f r a c t i o n a l  aspect o f  t h e  problem, but  t o  t h e  t r a n s f o r -  
ming p r o p e r t i e s  of t h e  plasma medium where d i f f r a c t i o n  t a k e s  p l a c e .  

1. LIMIT CASES OF LOW AND HIGH PLASMA DENSITY 

Born Approximation. S imples t  of a l l  f c r  t h e  i n v e s t i g a t i o n  i s  t h e  case  
of  r a r e f i e d  plasma w << w ,  s u f f i c i e n t l y  vel1 desc r ibed  wi th  t h e  h e l p  of  
t h e  f i r s t  , s o  c a l l e d  Born approximation method o f  p e r t u r b a t i o n s  [ 171. I n  
t h i s  approximation (which, i n c i d e n t l y ,  i s  e q u a l l y  v a l i d  f o r  t h e  s o l u t i o n  of 
problems of s c a t t e r i n g  on weak i o n i z a t i o n  d i s t u r b a n c e s  i n  a boundless  uniform 
plasma [18]) t h e  computation o f  s c a t t e r e d  f i e l d  amounts t o  s e e r c h  f o r  Four i e r  
t r ans fo rma t ions  o f  d i e l e c t r i c  constant  p e r t u r b a t i o n s ,  AE ( r ) .  I n  p a r t i c u l a r ,  
t h e  d i f f e r e n t i a l  c ros s - sec t ion  0 ,  equal t o  t h e  r a t i o  of  energy f l u x  s c a t t e r e d  
p e r  u n i t  o f  s o l i d  ang le ,  t o  t h e  dens i ty  o f  energy f l u x  i n  i n c i d e n t  wave, 
i s  determined by t h e  expres s ion  

P 

where fi and f;' are r e s p e c t i v e l y  t h e  wave v e c t o r s  of t h e  i n a i d e n t  and s c a t t e r -  
ed waves ( e q u a l  i n  a b s o l u t e  va lues  
t h e  d i r e c t i o n  of  s c a t t e r i n g  (I?') and t h e  e l e c t r i c  v e c t o r  of t h e  i n c i d e n t  
wave, AS= E - E ~ ,  i s  t h e  d i e l e c t r i c  cons t an t  of  t h e  sur rounding  medium. 

k=ko1/Ey, k,=w/c),  $ is t h e  ang le  between 

By compari+son wi th  s t anda rd  media (non-d i spe r s ing ) ,  t h e  plasma s in-  
g u l a r i t y  c o n s i s t s  h e r e  i n  a d i f f e r e n t  frequency dependence of  s c a t t e r i n g  in- 
t e n s i t y  and a g r e a t e r  v a r i e t y  of d i s t r i b u t i o n s  A ( r )  o f f e r i n g  p r a c t i c a l  i n -  
t e r e s t .  L e t  us n o t e  t h a t  t h e  var ious  conc re t e  d i s t r i b u t i o n s ,  mainly f o r  
o b j e c t s  of  q u a s i - c y l i n d r i c a l  shape ,  a r e  cons idered  i n  t h e  works [8,  18-20]. 

A s  i s  c l e a r l y  seen  from (l), the  magnitude and t h e  angu la r  dependence 
o f  cf are determined e s s e n t i a l l y  by the r e l a t i o n  between t h e  wa-qelength i n  
t h e  medium and t h e  c h a r a c t e r i s t i c  dimension of  t h e  s c a t t e r i n g  r e g i o n  f4. For 
g r e a t e r  wavelengths ( k a < < 1 )  s c a t t e r i n g  has  a p u r e l y  d i p o l e  c h a r a c t e r ,  and 
i t s  i n t e n s i t y  at €e = 1 is p ropor t iona l  t o  t h e  square  of  t h e  t o t a l  number 
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of  e l e c t r o n s  i n  t h e  o b j e c t  and con t r a ry ,  s a y ,  t o  t h e  r a y l e i g h  case  (a  % u4), 
f o r  w > > v  it g e n e r a l l y  does no t  depend on frequency (obv ious ly  w i t h i n  t h e  li- 
m i t s  w >>up) .  

r d  I n  t h e  o p p o s i t e  l i m i t  c a se  ( k a > > l )  n e a r l y  a l l  t h e  $cat t$  power i s  con- 
c e n t r a t e d  i n  a narrow cone of angles  nea r  t h e  d i r e c t i o n  k '  = k.  I n  t h e  re- 
v e r s e  and l a t e ra l  d i r e c t i o n s  s c a t t e r i n g  i s  q u i t e  weak and i s  mainly determi-  
ned by r e f l e c t i o n  from t h o s e  regions where c o n c e n t r a t i o n  N or i t s  d e r i v a t i v e s  
va ry  n o t i c e a b l y  over  t h e  wavelength.  
o f  symmetrical  d i s t r i b u t i o n  N ( r )  having only 1 s i n g u l a r  p o i n t  r = a ,  i n  which 
t h e r e  e x i s t s  a f i n i t e  number ( m  - 1) of  coqt inuous d e r i v a t i v e s ,  w h i l e  t h e  de- 
r i v a t i v e  o f  t h e  m-th o r d e r  has  a jump A ( N ( a  ) .  
t i v e  i n t e g r a t i o n  by p a r t s ,  w e  s h a l l  o b t a i n  i n  t h e  shortwave approximation 

Let u s  i l l u s t r a t e  t h i s  by an example 

E f f e c t i n g  i n  (1) a consecu- 

( & a  sln - e >> 1) 
2 

( m  = 0 ,  1, 2, . . ) , 8 i s  t h e  a n g l e  between v e c t o r s  'it and 2' , ro = e2/mc2 i s  
t h e  c l a s s i c a l  radius of  t h e  e l ec t ron .  For a smooth concen t r a t ion  v a r i a t i o n  
( i n  t h e  wavelength s c a l e )  and a l l  i t s  derivatives,  t h e  b a c k s c a t t e r  c ross -  
s e c t i o n  i s  found t o  be exponen t i a l ly  s m a l l  (-e-(aa)'). 

It should be t aken  i n t o  account t h a t  i n  t h e  shortwave r eg ion  t h e  f i r s t  
Born approximation may r e s u l t  i n s u f f i c i e n t  on account o f  e r r o r  accumulat ion 
i n  t h e  wave phase,  pas s ing  through the  o b j e c t .  T h i s  i s  why t h e  r eg ion  o f  ap- 
p l i c a b i l i t y  of formula ( 2 ) ,  f o r  example, i s  bounded by t h e  i n e q u a l i t y  

fk,lr:dr ((1 
0 

i n  t h e  c a s e  of d i s r u p t i o n  of which t h e  d i s p o s i t i o n  of l o b e s  of s c a t t e r e d  power's  
diagram i s  i n c o r r e c t l y  de f ined  by t h i s  formula.  However i f  we t a k e  i n t e r e s t  
on ly  by t h e  average  i n t e n s i t y  over  a s i n g l e  l o b e ,  t h e  c o d i t i o n  A E < < E e  may 
as p r e v i o u s l y  by cons idered  as a s u f f i c i e n t  c r i t e r i o n  o f  p r e c i s i o n .  

Dense Plasma wi th  Sharp o r  Weakly-blurred Boundaries.  Impedance Descrip- - t i o n .  The f i rs t ,  q u i t e  obvious and the  most u t i l i z e d  approximation f o r  dense 
plasma ( \ € I  >>1) w i t h  sha rp  boundaries ,  i n  approximate e s t i m a t e s  c o n s i s t s  
i n  i t s  s u b s t i t u t i o n  by an ideal ly  conducting medium. A s  a r u l e ,  it a l lows  
us  t o  e s t i m a t e  t h e  s c a t t e r i n g  c ros s - sec t ion  wi th  a s u f f i c i e n t  degree of pre-  
c i s i o n .  
s u r f a c e  a zero impedance, w e  i gnore ,  by t h e  same t o k e n ,  i t s  c a p a b i l i t y  of 
d i r e c t i n g  t h e  s u r f a c e  waves, which may, i n  a r a t h e r  broad wavelength range ,  
p r o v i d e  a s u b s t a n t i a l  e r r o r  when computing 0 even f o r  comparat ively h igh  
r a t i o s  ( w e  s h a l l  f u r t h e r  dwell  upon t h i s  s u b j e c t  i n  t h e  fo l lowing  s e c t i o n ) .  

It must,  however, be borne i n  mind t h a t  by a s c r i b i n g  t h e  plasma 



N a t u r a l l y ,  more p r e c i s e  r e s u l t s  are provided by s e t t i n g  on plasma sur -  
f a c e  g e n e r a l  boundary cond i t ions  of impedance type .  
f r a c t i o n  problem i t s e l f  becomes then more o r  l e s s  s t anda rd ,  we s h a l l  l i m i t  
o u r s e l v e s  h e r e  t o  enumeration of d i f f e r e n t  v a r i a n t s  of such c o n d i t i o n s .  

Inasmuch as t h e  d i f -  

For a small "skin- layer"  th ickness  2 = c / w l w  (by  comparison w i t h  t h e  
c h a r a c t e r i s t i c  dimensions of t h e  objec t  5) t h e  va lues  of s u r f a c e  impedance 
Z a r e  found from t h e  s o l u t i o n s  of  t he  corresponding p l ane  problems, and, f o r  
a plasma of moderate d e n s i t y ,  t h e y  are found t o  be dependent on t h e  s t r u c -  
t u r e  and p o l a r i z a t i o n  of t h e  ex te rna l  f i e l d  (impedance wi th  s p a t i a l  d i s p e r s i o n ) .  
As t o  t h e  case  I E ~ > >  1, w e  may assume f o r  Z t h a  u n i v e r s a l  expres s ion  2 = E - I ' ~ .  

Hence, i n  p a r t i c u l a r ,  f o r  >> 0 > Y  we have Z = (@/Up) ( i + V / 2 w ) .  

The plasma boundary washing, t ak ing  p l a c e  i n  r e a l  c o n d i t i o n s ,  always 
resu l t s  i n  a c e r t a i n  mod i f i ca t ion  of impedance boundary cond i t ions .  Thus, 
for  a uniform o b j e c t  w i th  Ree = € 0  << -1, surrounded by a t h i n  t r a n s i t i o n  
l a y e r  o f  t h i ckness  
t h e  t r a n s v e r s e  coord ina te  x ( 8  = x , / ~ o - i v ~ w ,  1 , -1 .5 x < l o ,  1 - 1 / 1 0  = € 0 ,  i t  
i s  p o s s i b l e  t o  ob ta in  t h e  fo l lowing  g e n e r a l  r e l a t i o n ,  l i n k i n g  t h e  t a n g e n t i a l  
( t )  and normal ( n )  components of t h e  e x t e r n a l  f i e l d  a t  boundary ( a t  x = 1 0  ) : 

1 << 6 < Q w i t h  l i n e a r  v a r i a t i o n  of concen t r a t ion  a long  

Et = ( ~;1!2 + i&o/o) [rzH,]  + 1vrEI, (3 )  
1. 

where I =  

a combined cond i t ion  f o r  t h e  s c a l a r  p o t e n t i a l :  
t h a t  t h e  q u a n t i t y  ? has a f i n i t e  imaginary p a r t  I m  
dependent of V ,  so t h a t  even at formal t h r e s h o l d  t r a n s i t i o n  t o  V = 0 ,  t h e  
energy l o s s e s  i n s i d e  t h e  t r a n s i t i o n a l  l a y e r  ( t h e  so c a l l e d  "resonance" l o s s e s  
i n  t h e  neighborhood of t h e  p o i n t  E = 0 )  , are i n  t h e  g e n e r a l  c a s e  n o t  ze ro ,  
as t h i s  fo l lows  from (3 )  (see Divis ion 3 ) .  

which t h e  incoming ha l f - space  impedance wi th  l i n e a r l y  r i s i n g  concen t r a t ion  
i s  computed f o r  t h e  cases  of i nc l ined  TE- and TM-type i n c i d e n t  waves. I n  
p a r t i c u l a r ,  f o r  kola >>1, we have with a p r e c i s i o n  t o  terms of h ighe r  o rde r  
of  smal lness  

s-ldx. I n  a q u a s i - s t a t i c  case  @,a<< 1) t h i s  r e l a t i o n  passes  i n t o  
L-1 dv 

dn 
= 7flo ( f o r  I, << w ) ,  i n -  

'2- '- =const* It is  m a t e r i a l  

The oppos i t e  l i m i t i n g  case  I >> 8 i s  examined i n  t h e  works [21, 221, i n  

d \ 

(TE-waves ) 

( TM-waves ) 
( 4 )  

z = (  i A  (kolo)-l /3 
iA (k, , lo)-1/3 -t r (kJO) - l  sin29, 

(6, i s  t h e  ang le  of i nc idence ,  A = r(1/3)/31A I'(2/3)!. 

For e x t e r n a l  f i e l d s  wi th  TM-polarization (Hn = 0 ,  En # 0 )  t h e  impedance 
boundary c o n d i t i o n s  may be  a l s o  set on o b j e c t s  w i th  zero  pe rmeab i l i t y  [ ? I :  

Z = - i c w  ( H t  = 0 i s  an " i d e a l  magnetic conductor")  ( 5 )  

and,  i n  t h e  presence  i n  t h e  t r a n s i t i o n a l  l a y e r  of a s u r f a c e  where E has  
above t h e  first o rde r  (-c = (x,'IoP, n > 1) [7], 

zero  

... 1.. 



z = - i ( n  + 1) (kofo)-' ,  

7 

( 6 )  

2. N_l+ERICAL COMPU"ATICN>-@ID_ SJHgR-YAF APPROXIMATION 
FOR A PLASMA OF ANY DENSITY 

_ _  

The p e c u l i a r i t i e s  of scat ter ing on plasma w i t h  in t e rmed ia t e  v a l u e s  of 
d e n s i t y  are i l l u s t r a t e d  below on the  b a s i s  o f  t h e  r e s u l t s  of c e r t a i n  numeri- 
c a l  ca l cu la t io r i s  and c a l c u l a t i o n s  performed i n  geometroopt ica l  approximation 
( t a k i n g  i n t o  account t h e  r e f r a c t i o n  d ivergence  and d i s t o r t i o n  o f  r a y s ) .  
s h a l l  cons ide r  a t  t h e  o u t s e t  t h e  plasma formation of s imples t  shape ,  t h e  uni -  
form sphe re ,  one of t h e  f e w  o b j e c t s  f o r  which t h e  p r e c i s e  a n a l y t i c a l  s o l u t i o n  
i s  known f o r  any E ,  and then  we s h a l l  d i s c u s s  t h e  i n f l u e n c e  of  v a r i o u s  com- 
p l i c a t i n g  f a c t o r s  (weak o r  sha rp  washing of  t h e  boundary, d i s r u p t i o n  of  sphe- 
r i c a l  symmetry of  d e n s i t y  d s i t r i b u t i o n ) .  

We 

R e f l e c t i o n  from a Uniform Nonabosrbing Sphere.  Th i s  w a s  examined i n  [23]  
by way o f  numerical  summation of s e r i e s  by s p h e r i c a l  harmonics,  i n  whose form 
appea r s  t h e  p r e c i s e  s o l u t i o n .  P l o t t e d  i n  F i g . 1  i s  t h e  c h a r a c t e r i s t i c  graph 
of t h e  dependence of r a d a r  s c a t t e r i n g  c ros s - sec t ion  (normali-  
zed to t h e  geometroopt ica l  va lue  Bo - na2 f o r  a m e t a l l i c  sphe re  o f  same ra- 
d i u s  a )  on N/Ncr = W p 2 / W 2  f o r  a rather l a r g e  r a t i o  of r a d i u s  t o  wavelength 
( k o a  40) .  I n  t h e  r eg ion  N << Ncrthe va lue  of 5p.q rises monotonica l ly  wi th  
t h e  concen t r a t ion .  A s  t h e  concent ra t ion  approaches t h e  c r i t i c a l  v a l u e  Ncr 

a n  average ,  it rises as p rev ious ly  with t h e  i n c r e a s e  o f  N .  These o s c i l l a -  
t i o n s  are condi t ioned  by t h e  appearance of phase onrush (p ropaga t ion  phase 
i n c r e a s e )  on s p h e r e ' s  diameter on account of  concen t r a t ion .  
t h e  r a d a r  c ros s - sec t ion  co inc ides  with Uo and remains i n v a r i a b l e  up t o  t h e  
v a l u e  N ).IN,,, beginning with which t h e  
dependence u,,,(N) again  becomes o s c i l -  
l a t i n g ,  d e v i a t i n g  from a. by about one 
o r d e r .  A s  N i n c r e a s e s  fu r the r ,  t h e  swing 
o f  c s c i l l a t i o n s  g r a d u a l l y  decreases  and 
f o r  N >z 10'Ncr t h e r e  no longer  i s  any 
d i s t i n c t i o n  between opn and 00. Analo- 
gous o s c i l l a t i o n s  O p n  t a k e  p l a c e  a l s o  a t  
sphere  r a d i u s  v a r i a t i o n ,  whereupon they  
femain s i g n i f i c a n t  through t h e  va lues  
koa Q l o 2 .  

J~-., = 4;21(0 = z) 

begins t o  o s c i l l a t e  s t r o n g l y  ( t h e  drops reaph 1 to ? orders)3 t.ho1q7h9 91: 

A t  N = Ncr ( E  = 0 )  

Anomaiously i a r g e  depa r tu re s  of t h e  
r a t i o  apa/ao from t h e  u n i t y  f o r  N > N 
may be expla ined  by resonance e x c i t a t i o n  
o f  f e e b l y  e m i t t i n g  quasi-superf  i c i a l  
waves d i r e c t e d  by plasma boundary and 
t h e  i n t e r f e r e n c e  of t h e i r  emission f i e l d s  
wi th  t h e  " regular"  p a r t  of t h e  s c a t t e r e d  
f i e l d .  A t  plasma boundary surface waves may Fig. 1 
e x i s t  f o r  E: < -1 (Pi > 2Ncr).  
begin from a doubled va lue  o f  N is  appa ren t ly  l i n k e d  wi th  e i t h e r  a s i g n i f i c a n t  

c r  

i'lrb.' ''i?%' "YO' ";bi N / N K p  

The f a c t  t h a t  on t h e  graph p r e s e n t e d  o s c i l l a t i o n s  



a 

i n c r e a s e  of i n t e r v a l  N v a r i a t i o n  ove r  the width  of t h e  corresponding resonan- 
c e  peaks,  assumed a t  computat ions,  o r  w i t h  t h e  i n s u f f i c i e n c y  of t h e  number 
of s e r i e s  ' terms t aken  i n t o  account (as E -+ -1, t h e  wid th  of  peaks approaches 
zero  and t h e  r e q u i r e d  number of terms of s e r i e s  approaches t h e  i n f i n i t y * ) .  
Neve r the l e s s ,  a l though t h e  omission of high-order resonances i n  t h e  v i c i n i -  
t y  of E = -1 w a s  indeed t h e  consequence of a c e r t a i n  i n c o r r e c t n e s s  of compu- 
t a t i o n s ,  it has a s p e c i f i c  p r a c t i c a l  sense ,  inasmuch as even a ve ry  weak ab- 
s o r p t i o n  i n  t h e  plasma a l r e a d y  leads  t o  a s t r o n g  damping of s u r f a c e  waves 
wi th  a g r e a t  d e c e l e r a t i o n  (as E + - 1  t h e i r  phase v e l o c i t y  approaches z e r o )  and 
consequent ly  t o  a t o t a l  suppression of corresponding resonances.  

Weak Plasma Boundary Washing. This  does n o t  p r a c t i c a l l y  a f f e c t  t h e  p a r t  
of the  s c a t t e r e d  f i e l d  which is not connected w i t h  any s o r t s  of  resonances ,  
bu t  because of  t h e  presence  of t h e  above-mentioned t e r m i n a l  l o s s e s  i n s i d e  
the  t r a n s i t i o n a l  l a y e r ,  it l e a d s  t o  t h e  appearance of  an a d d i t i o n a l  s u r f a c e  
wave damping E271, weakening by t h e  same token the  resonance e f f e c t s  l i n k e d  
wi th  i t s  e x c i t a t i o n .  of  
t h e  propagat ion  cons t an t  of t h e  sur face  wave t r a v e l i n g  a long  the  washed bound- 
a r y ,  i s  equal. w i t h  a p r e c i s i o n  t o  a f a c t o r  of t h e  o rde r  of  u n i t y  t o  t h e  r a t i o  
of t h i c k n e s s  of t h e  t r a n s i t i o n a l  ( l i n e a r )  l a y e r  L ) o  t o  t h e  wavelength l / h '  
(h" /h '  % h '  I , ) ,  whence it fo l lows  t h a t  t h e  cond i t ion  f o r  a strongwave damping 
du r ing  one passage around t h e  sphere i s  ( h '  ) 
comparat ively w e a k  boundary washing, t h e  resonances of  s u r f a c e  waves, and 
a longs ide  wi th  them t h e  o s c i l l a t i o n s  of  the s c a t t e r i n g  c ros s - sec t ions  relati- 
ve t o  cso = d2, i n  t h e  r eg ion  N > Ncr, 
Th i s  is  cor robora ted  a l s o  by the r e s u l t s  of numerical  i n t e g r a t i o n  of  wave 
equa t ions ,  performed f o r  s p h e r i c a l l y  and c y l i n d r i c a l l y  symmetrical  forma- 
t i o n s  wi th  va r ious  l a w s  of concent ra t ion  dec rease  by r a d i u s  [28 - 311, 

The r a t i o  of imaginary (h")  t o  t h e  t r u e  ( h ' )  p a r t  

azo +I 1.. Thus, even dur ing  a 

koa >> 1, are a l r eady  vanish ing .  

Plasma w i t h  S t rong ly  Washed Boundary. Geometrooptical  Approximation. 
I n  t h e  case  when t h e  dec rease  of the concen t r a t ion  i n  t h e  t ransparency  re -  
gion (E: > 0 )  t a k e s  p l a c e  s u f f i c i a t l y  smoothly i n  t h e  wavelength s c a l e ,  t h e  
problem may'be f u l l y  r e so lved  i n  geometric o p t i c s  approximation and m o u n t s  
t o  t h e  c a l c u l a t i o n  of r a y  r e f r a c t i o n  i n  a medium w i t h  a nonuniform index o f  
r e f r a c t i o n  
t i o n s  of r a d i a l l y  symmetrical  ob jec t s  one succeeds i n  o b t a i n i n g  s u f f i c i e n t l y  
s imple  g e n e r a l  expres s ions  [32, 35, 361. I n  p a r t i c u l a r ,  f o r  an inhomogenous 
sphe re  without  l o s s e s  

n =fi [32 - 393. A t  t h e  same t i m e ,  f o r  s c a t t e r i n g  c ros s  s e c -  

Hence it fo l lows  t h a t  t h e  o f t e n  used s u b s t i t u t i o n  of  a nonuniform plasma 
sphe re  by a m e t a l l i c  sphere  of  rad ius  g 
timetes, always y i e l d s  ove r ra t ed  values  of back s c a t t e r  c ros s - sec t ion  

w i t h  s u f f i c i e n t l y  t h i n  t r a n s i t i o n a l  l a y e r  (e = k - n ) / f o ,  agr<u+i,, f,<a) 
t h e  r e f r a c t i o n  e f f e c t s  y i e l d  only  small  c o r r e c t i o n s  t o  c ros s - sec t ion :  

on which E = 0 for  approximate es- 

(a,.<ao = d). Thus, for ~ ( r  3. a) = I - u4/r2 ~ , , . , = 4 " ~ l ~ '  [ 361. For o b j e c t s  

ap PQ(J 1 -2Zoln) . 
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Note also that to functions 
order (E 
mal radial tube, so that in the considered approximation ap,, becomes zero. 

(r), having at r = a a zero of second or higher 
(r - a)m, m > 21, corresponds an infinite divergence of the nor- 

The disruption of radial symmetry of plasma distribution naturally re- 
sults in the appearance of ap,, dependence on the direction of irradiation 
[37 - 391. In particular, for an object of which the surfaces of equal con- 
centration are spheres with a common tangent [39], the quantity Op, ,  may be 
either greater or smaller than 0,  at various irradiation angles. 

Alongside with the refractional distortion of rays, a great influence 
may be exerted on the magnitude of the power scattered by an extended non- 
uniform object by losses in the plasma. In the geometric optics approxima- 
tion their accounting for ~ ( ( w  is performed sufficiently elementarily - by 
the mere introduction of the exponential multiplier 

characterizing the absorption along the respective radial course (L). It is 
obvious that significant losses may take place over a sufficiently stretched 
course, strongly underrating the scattering cross-section even for small Imlre. 

3 .  RESONANCE SCATTERING ON SMALL PLASMA OBJECTS * 
Dipole Resonance in "Cold" Plasma. Scattering on particles whose size 

is saall by c97,par-s~~ with the T.V-.TO w a v L l = i i E j L L i  e - - t L  - - -*  titoy, a - . . 1 -  L U l C ,  be  computed in 
the dipole approximation, determining the electric and magnetic dipole moments 
induced by the field of the incident wave (for two-dimensional cylindircal 
objects, equivalent linear currents (electric and magnetic), yielding isotro- 
pic scattering, must moreover be taken into account). 

One of the most important peculiarities of scattering on small plasma 
objects is the possibility of resonance increase of the scattering cross-sec- 
tion in the frequency of proper electro-dipole oscillations. Generally speak- 
ing, no less important role may be played also by high multipole resonances 
in the presence of only radiation energy losses [8, 2 4 ,  251 with whose ap- 
pearance the dipole approximation for a scattered wave becomes invalid. 
(Indeed, as the object's dimensions increase, these resonances continuously 
pass into the above-mentioned (Div.2) surface wave resonances. In essence 
either of them have the same quasi-static nature and they are conditioned in 
the final count by the presence in the plasma of elastic restoring forces of 
Coulomb origin). However, as the order of multipole oscillation in objects 
increases, when the latter are small, the relative share of inner losses 
such as particle collisions, collisionless damping) rises rapidly, which re- 
sults in the suppression of higher-order resonances. We shall limit oursel- 
ves here to the consideration of electro-dipole-type scattering, of which 
the differential (a) and total (Ut) cross-sections are determined by the 
well known expressions 

* (see Appendix) 
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(we have i n  mind t h e  three-dimensional c a s e ;  
d i r e c t i o n  of s c a t t e r i n g  wi th  t h e  d i p o l e  moment v e c t o r  8 = ~ $ 0 ,  a is  t h e  
p o l a r i z a b i l i t y  f a c t o r ,  d,-, is  the amplitude of t h e  e l e c t r i c  f i e l d  of t h e  
i n c i d e n t  wave. 

is  t h e  ang le  formed by t h e  

A s  w a s  noted f i rs t  i n  t h e  Tonks' work [41 ] ,  t r a n s v e r s e  " e l e c t r o s t a t i c "  
o s c i l l a t i o n s ,  capab le  of being exc i t ed  by e x t e r n a l  f i e l d s ,  a r e  a l s o  p o s s i b l e  
i n  a "cold" bound plasma, a longs ide  wi th  pu re ly  i n t e r n a l  l o n g i t u d i n a l  o s c i l -  
l a t i o n s  i n  t h e  plasma frequency up. The i r  n a t u r a l  f r equenc ie s  wo always l i e  
i n  t h e  r eg ion  w 
e x i s t e n c e  of proper  s t a t i s t i c a l  s o l u t i o n s  5 EE2dv = O), and depend on t h e i r  
geomet r i ca l  shape) .  Thus, for the d i p o l e  moment of a uniform sphe re  of 
r a d i u s  
i ts  q u a s i - s t a t i c  e x p r e s s i o n  

up (which a l ready  fo l lows  from t h e  g e n e r a l  c o n d i t i o n  of 

a (koa<< 1 ,  k o ] / ' F l a  << 1) i n  c a s e  of a real  E ,  w e  have d i r e c t l y  from 

t h e  fo l lowing  va lues :  

I ( W 0 )  = - 2, ut) = ip/n 
Analogously, f o r  an  i n f i n i t e  cy l inde r  of r a d i u s  5 i n  a t r a n s v e r s e  f i e l d ,  
w e  have 

1 e - ;  

2 e + l  
P,,,, =- -- a'€,, E (oo) = - 1, , uto = w P / / F .  

It  is  obvious t h a t  t h e  resonance v a l u e s  of d i p o l e  moments are n o t  i n f i -  
n i t e .  For any account ing  of l o s s e s  t h e r e  appear  i n  t h e  denominators of t h e  
e x p r e s s i o n s  brought o u t  imaginary c o r r e c t i o n s  d e f i n i n g  t h e  v a l u e  of P ( w o )  
and t h e  width of t h e  resonance l i n e  y. I n  t h e  absence of i n t e r n a l  d i s s i p a -  
t i o n  t h e s e  c o r r e c t i o n s  have a purely r a d i a t i o n a l  o r i g i n  and are e a s i l y  de- 
termined by a d d i t i o n  t o  t h e  e x t e r n a l  f i e l d  20 
t h e  r a d i a t i o n  d e c e l e r a t i o n .  I n  t h e  three-dimensional c a s e  [ 4 2 ] ,  p.245, 
w e  have 

of t h e  proper  f i e l d  3, of 

n n 
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Therefore, the resonance values of P and ut, determined by losses on 
the emission, are found to be independent of the structure and dimensions 
of the scattering object. 
is determined by the ratio of its characteristic dimensions t o  wavelength; 
for a sphere 

The radiation width of the resonance line Yr 

The influence of internal losses leading to additional widening of the 
line and to lowering of the resonance cross-section, depends essentially on 
the character of distribution of plasma concentration, or, to be more pre- 
cise, to the degree of its boundary washing. A s  to losses on collisions 
between particles, their accounting is performed elementarily (Im E #  0 )  
and yields an additional widening of the resonance line of homogenous ob- 
jects with sharp boundary Ys = V (case of washed boundary being considered 
later). 

More complex is the question of the role of thermal flow of electrons 
and of spatial dispersion linked with it. 
conducted for opposite limiting cases of weak and strong plasma boundary 
washing in the scale of Debye radius. 

The corresponding analysis was 

Taking into account of motion in a plasma with sharp boundary leads 
first of all to the appearance of a link between the above-mentioned exter- 
ilai fieids with iongicudinai (piasmaj oscillations and allows us to describe 
the resonance effects caused by their excitation. These additional "plasma- 
wave" resonances were investigated for a uniform sphere and cylinder in hydro- 
dynamic approximation (i. e. in case of weak spatial dispersion) on the basis 
of quasi-static description [ 4 3 ] ,  as well as by way of corresponding gene- 
ralization of well known plane wave diffraction on bodies made of standard 
dielectric [ 4 4  - 461.  The solution was sought by standard methods of varia- 
able separation, while the accounting of the spatial dispersion was reduced 
by the fact, that in a plasma there was introduced alongside with the trans- 
verse field a longitudinal one satisfying the independent wave equation. 
The relationship between the two fields was materialized by an additional 
boundary condition, i. e. the continuity of the normal component of the elec- 
tric field. From the expressions thus found for the amplitudes of scattered 
waves it follows that the thermal motion does not practically affect the 
frequencies of electrostatic resonances and leads to the appearance of a 
series of additional resonance lines in the region 0 < E <<1. For dipole 
scattering on a sphere, the position of these lines is defined by the condi- 
tion 

where ji is a Bessel spherical function, k p = u f T / v ? V T  is the wave number 
for the longitudinal field, VT is the mean thermal velocity of electrons. 
An analogous relation for a cylinder is obtained from here by substitution 
of the spherical function by a cylindrical one. 
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The second important effect resulting in the thermal flow is the col- 
lisionless dissipation, essentially conditioned by electron collisions with 
plasma boundaries. 
hydrodynamic approximation. The damping constants Yb determined by it may 
be estimated qualitatively by way of kinetic consideration of oscillation 
of a plane plasma layer, partially filling the space between the planes of a 
plane condensor (resonances of both forms may also be possible in such a one- 
.dimensional system 1431). 
the boundary, for electrostatic and plasma-wave resonances yb is proportion- 
al respectively to the first and fifth powers of the characteristic frequen- 
cy of electrons' collisions, with boundary vT/a. 

This boundary dissipation may be investigated in the 

In case of specular reflection of electrons from 

The washing of plasma boundary results in the increase of internal los- 
ses and, consequently, in the decrease of the effectiveness of resonance in- 
teraction. If the thickness of the transitional boundary region .!'o of the 
plasma exceeds significantly the Debye radius 
waves excited in it must satisfy their own kind of condition for emission, 
owing to strong Landau ateenuation at periphery; this condition makes the 
occurrence of plasma-wave resonances impossible in objects with smooth and 
monotonic decrease of density from center to periphery. For spherically or 
cylindrically symmetrical distributions of plasma these resonances are absent 
even in the case when the seepage of longitudinal waves into peripheral re- 
gions with strong damping is made difficult by the presence of jumps of deri- 
vative concentration [lo]. 

( f o ' ? : p T  '(I)), the longitudinal 

In regions with washed out boundary the electrostatic resonances, though 
not fully suppressed, also are found to be attenuated by comparison with the 
case of sharp boundary. The decrease of their divisibility is conditioned 
by great energy losses in the neighborhood of the surface E(?)> = 0, where 
the electric field has a singularity of the type 1 / ~  , lifted either by col- 
lisions of particles (for v /w >) ( V ~ ' O ~ , ) ? ~ ) ,  or by spatial dis ion (at ful- 
filment of inverse inequality) [91. In the first case [8, 241, the main dis- 
sipation mechanism is in the collisions, and in the second case [lo] - in the 
energy transformation into longitudinal waves traveling toward the periphery. 
The total magnitude of losses inside the boundary layer and the widening of 
the resonance line yL conditioned by these losses are identical in both cases 
(for small v and VT); they are fully defined by the steepness of plasma den- 
sity differential in the vicinity of the singular point. In particular, for 
a sphere, whose permeability is constant (E = E,,) for r ,< a and increases li- 
nearly t o  the unity with derivative dE/dr = 1;' 
when I, <( a, 2" - - 1 we have 

in the transitional layer. 

25; to P =  , ;J= z:olo/ar l l  = - - 1 u,? = - w - . e O - 1 - i ?  

80 + 2 + i2p 3 3 a  

Analogous expressions are obtained for a cylinder. 

If the characteristic dimension of the boundary region is comparable 
with the dimensions of the object itself, the divisibility ( l ) / y l  becomes a 
quantity of the order of the unity and the amplitudes of scattered field in- 
crease at resonance by no more than 2 - 3 times. 
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These conclus ions  a re  i n  agreement wi th  t h e  d a t a  of experiments  on t h e  
s t u d y  of  resonance s c a t t e r i n g  on meteor wakes: t h e  osc i l lograms of t h e  ref- 
l e c t e d  s i g n a l s  show, as a ru le ,  the  presence  of only one weakly expressed  
resonance [ 4 7 1 .  

When combining t h e  smooth d e n s i t y  decrease  i n  t h e  d i r e c t i o n  toward t h e  
p e r i p h e r a l  reg ion  w i t h  i t s  jump-like drop  t o  z e r o  a t  a c e r t a i n  boundary s u r -  
f a c e  ? = ?b (which, f o r  example, takes p l a c e  i n  gas-discharge t u b e s ) ,  t h e  
r e g i o n  of damping of plasma waves, and a l o n g s i d e  wi th  i t  t h e  foundat ions  f o r  
t h e  super impos i t ion  upon them t h e  emission c o n d i t i o n s  d i s a p p e a r  f o r  ~ ( ? b ) < <  1. 
Then t h e  resonance e f f e c t s  l i n k e d  wi th  t h e  e x c i t a t i o n  of s t a n d i n g  plasma 
waves become a g a i n  p o s s i b l e ;  t h e i r  t ransparency  r e g i o n  is  now disposed  a t  t h e  
p e r i p h e r y  and i s  bounded by s u r f a c e s  
l y  t h e  way t h e  s o  c a l l e d  Tonks-Dattner resonances must be  i n t e r p r e t e d  [41, 481. 
They were exper imenta l ly  observed a t  i n t e r a c t i o n  of h igh  frequency f i e l d s  
w i t h  gas-discharge plasma. The t h e o r e t i c a l  computation of t h e i r  spectrum 
conducted on adequate  models y i e l d s  q u i t e  s a t i s f a c t o r y  r e s u l t s  re la t ive  t o  
experiment  from t h e  s t a n d p o i n t  o f  the g e n e r a l  c h a r a c t e r  of l i n e  d i s p o s i t i o n ,  
as w e l l  as of  t h a t  f o r  the magnitude of i n t e r v a l s  between them [ 4 9  - 521. 

E(?) = 0 and i! = ?b. This  i s  p r e c i s e -  

The n o n l i n e a r  e f f e c t s  i n  condi t ion  of resonance i n t e r a c t i o n  a l r e a d y  
become n o t i c e a b l e  a t  comparat ively small ampli tudes of t h e  e x t e r n a l  f i e l d  
and may be subdivided i n t o  two fundamental groups: 1) t h e  appearance of 
h i g h e r  harmonics of induced p o l a r i z a t i o n  and s c a t t e r e d  s i g n a l  [ 5 3 ]  and 2 )  
t h e  so-ca l led  s e l f - a c t i o n  processes  expressed i n  t h e  deformation of t h e  s ta-  
t i o n a r y  d i s t r i b u t i o n  of plasma parameters ,  d e f i n i n g  t h e  scattering character- 
i s t i c s  i n  t h e  b a s i c  frequency [ l l ,  5 4 1 .  

One of t h e  most important  e f f e c t s  of  t h e  second group, capable  of i n -  
f l u e n c e  s u b s t a n t i a l l y  t h e  resonance p r o p e r t i e s  of o b j e c t s  w i t h  washed bound- 
a r y ,  is  t h e  deformation of s p a t i a l  d i s t r i b u t i o n  of d e n s i t y  n e a r  t h e  plasma 
resonance p o i n t  R e €  = 0. On t h e  one hand, t h e  presence of a s h a r p  maximum 
of averaged f o r c e s '  p o t e n t i a l  = 4 ? ~ e ~ 1 % 1 ~ / 1 w ~  [55] ,  and t h e  h igh  s e n s i t i v i -  
t y  o f  resonance lasses t o  t h e  magnitude of d e n s i t y  g r a d i e n t  i n  t h a t  r e g i o n  
on the o t h e r  , render  t h e  resonance d i v i s i b i l i t y  q u i t e  c r i t i c a l  re la t ive t o  
f i e l d  ampli tude.  The corresponding computations were conducted f o r  t h e  s i m -  
p l e s t  model wi th  p l a n e - s t r a t i f i e d  d e n s i t y  d i s t r i b u t i o n  N ( x ) ,  s u b ' e c t  t o  Bol tz-  
mann l a w  and c h a r a c t e r i z e d  by l o c a l  complex permeabi l i ty  E(X, ~ E ( x )  I 
[ l l ] .  Analys is  of  t h e  s o l u t i o n  of t h e  n o n l i n e a r  ( cub ic )  e q u a t i o n ,  determi-  
n i n g  t h e  permeabi l i ty  d i s t r i b u t i o n  i n  t h e  p r e s e  ce of t h e  f i e l d ,  shows t h a t  
f o r  ampl i tude  v a l u e s  of t h e  e x t e r n a l  f i e l d  EX(OP, exceeding a c e r t a i n  c r i t i -  
ca l  v a l u e  

) 

t h i s  d i s t r i b u t i o n  a c q u i r e s  i n  t h e  reg ion  wp 2 w t h e  shape of  a s t e p ,  whose 
d i s p o s i t i o n  re la t ive  re la t ive t o  the leve l  Re€  = 0 depends on t h e  ampli tude 
i n  a h y s t e r e t i c  fash ion:  as i t  accrues ,  t h e  t r a n s i t i o n  through t h e  p o i n t  
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Re€ = 0 t akes  p l a c e  by a jump; during t h e  r e v e r s e  ampl i tude  d e c r e a s e ,  t h e  
jump s h i f t s  i n t o  t h e  r eg ion  Re€ < 0 and t h e r e  a p p e a r s  a broad "p la t eau"  
wi th  Re€ Q I m E .  
i v e l y  i n c r e a s e s  o r  dec reases  by comparison w i t h  t h e  l i n e a r  case. 

The v a l u e  of e l e c t r o s t a t i c  resonance d i v i s i b i l i t y  r e spec t -  

"Electromagnetic'Resonances i n  P lasma Cavi ty .  Up u n t i l  now w e  d i d  n o t  
mention t h e  s t anda rd  e lec t romagnet ic  resonances capable  of appear ing  a t  spe -  
c i f i c  c o r r e l a t i o n s  between the  wavelength i n s i d e  t h e  o b j e c t  and i t s  dimen- 
s i o n s .  For plasma o b j e c t s  disposed i n  a vacuum, t h e s e  c o r r e l a t i o n s  may be 
f u l f i l l e d  on ly  o u t s i d e  t h e  q u a s i s t a t i s t i c a l  r eg ion  ( f o r  t o a  2, 1 )  , where 
t h e  o s c i l l a t i o n s  d i v i s i b i l i t y  i s  found t o  be q u i t e  low (yr % w) as a conse- 
quence of g r e a t  l o s s e s .  However, t h e  s i t u a t i o n  changes s u b s t a n t i a l l y  f o r  
an  o b j e c t  c o n s t i t u t i n g  i n  i t s e l f  r a r e f a c t i o n  ( c a v i t y )  of plasma. I f  i n  
t h i s  c a v i t y  E 
t h e  e x t e r n a l  wavelength r e s u l t s  t o  be of much g r e a t e r  dimension of t h e  c a v i t y  
even upon f u l f i l m e n t  of t h e  resonance c o n d i t i o n ,  and, consequent ly ,  t h e  lo s -  
ses t o  emiss ion  become q u i t e  s m a l l  wh i l e  t he  d i v i s i b i l i t y  i n c r e a s e s  s t r o n g l y .  
A t  t h e  same t i m e ,  c o n t r a r y  t o  plasma o b j e c t s  i n  a vacuum, t h e  c a v i t y  boundary 
washing does n o t  r e s u l t  i n  t he  appearance of a d d i t i o n a l  i n t e r n a l  l o s s e s  and 
i n  t h e  weakening of resonance. 

1, whi l e  i n  t h e  surrounding unper turbed  plasma 0 < E, << 1, 

The resonance f r equenc ie s  of quasi-spherical+and q u a s i - s p l i n d r i c a l  
shapes  of c a v i t i e s  l i e ,  as a r u l e ,  i n  t h e  r eg ion  k o a  + 1. The excep t ion  is 
only i n  t h e  "zero" mode resonance considered i n  t h e  works [ 5 6 ,  5 7 1  ( y i e l d i n g  
i s o t r o p i c  s c a t t e r i n g )  
f i e l d  of t h e  i q c i d e n t  yave. 

f o r  a c y l i 9 d r i c a l  c a v i t y  p a r a l l e l  t o  t h e  e lec t r ic  
For k o a  << 1, t h e  c o n d i t i o n  of t h i s  resonance 

has t h e  form (R ,U)Z  in jilk,,n Gj = 2. 

4.  DIFFRACTION ON BODIES PLACED I N  A NONUNIFORM PLASMA 

Discussed i n  t h i s  s e c t i o n  a r e  t h e  problems t o  a known s e n s e  complement- 
a ry  t o  those  cons idered  e a r l i e r :  e m i t t e r  ( l ) ,  s c a t t e r i n g  o b j e c t  (2)  and 
emitter ( 3 )  are assumed t o  be  disposed i n  an inhomogenous (nonuniform) 
plasma medium wi th  p e r m e a b i l i t y  E(?); i t  is requ i r ed  t o  de te rmine  t h e  t r a n s -  
m i s s i o n  f a c t o r  K1,, c h a r a c t e r i z i n g  t h e  p a r t  
cond i t ioned  by s c a t t e r i n g  on t h e  ob jec t .  I n  t h e  most g e n e r a l  s t a t emen t  
such k ind  of problems appear  a s  being extremely complex. 
o u r s e l v e s  t o  t h e  c o n s i d e r a t i o n  of some s u f f i c i e n t l y  t y p i c a l  p a r t i c u l a r  cases 
r e f e r r e d  t o  a medium whose p r o p e r t i e s  vary  slowly i n  t h e  wavelength s c a l e .  

of t h e  r ece ived  s i g n a l  which is  

Here w e  s h a l l  l i m i t  

F i e l d  'Transformation F a c t o r s .  Apparent S c a t t e r i n g  Cross-Section. A sub- 
s t a n t i a l  s i m p l i f i c a t i o n  of t h e  problem s t a t e d  is ob ta ined  by t h e  in t roduc-  
t i o n  of t h e  fo l lowing  assumptions: 1 )  t h e  s c a t t e r i n g  o b j e c t  and t h e  r e c e i v e r  
are d isposed  i n  t h e  r eg ion  of a p p l i c a b i l i t y  of t h e  geometr ic  o p t i c s  approxi- 
mation r e s p e c t i v e l y  f o r  t h e  primary and s c a t t e r e d  f i e l d s ;  2) t h e  emi t t ed  
s i g n a l  w i l l  h i t  t h e  r e c e i v e r  a long  a s i n g l e  r a d i a l  cour se  ( emi t t e r -ob jec t -  
r e c e i v e r ) ;  3)  t h e  dimensions of the r e c e i v e r ,  e m i t t e r  and o b j e c t  are s u f f i -  
c i e n t l y  small by comparison w i t h  t h e  c h a r a c t e r i s t i c  s c a l e  of medium's inho- 
mogeneity, s o  t h a t  i n  t h e  formation r eg ions  of t h e i r  r a d i a t i o n  p a t t e r n s  t h e  
medium i s  p r a c t i c a l l y  uniform ( i t  should be p o s s i b l e  t o  p o s t u l a t e  w i thou t  
any l i m i t a t i o n  of g e n e r a l i t y  t h a t  ~1 = € 3  = 1). 
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A t  f u l f i l m e n t  of  t h e s e  cond i t ions  t h e  account ing  of t h e  inhomogenous 
medium amounts t o  t h e  i n v e s t i g a t i o n  of i t s  t ransforming  p r o p e r t i e s  over  c o r -  
responding r a d i a l  t r a j e c t o r i e s ,  while t h e  d i f f r a c t i o n a l  p a r t  p roper  of t h e  
problem looks  t h e  same a s  i n  a uniform medium. E f f e c t i n g  t h e  r e q u i r e d  con- 

. v e r s i o n s  of energy f l u x e s ,  and comparing t h e i r  v a l u e s  i n  a uniform and inho- 
mogenous media, w e  o b t a i n  the  following expres s ion  f o r  t h e  t r a n s f e r  c o e f f i -  
c i e n t :  

where G, and A ,  are t h e  r e s p e c t i v e l y  t h e  c o e f f i c i e n t  of d i r e c t e d  a c t i o n  and 
t h e  e f f e c t i v e  area of t r a n s m i t t i n g  and r e c e i v i n g  an tennas ;  R 1 2  and R 2 3  are 
t h e  d i s t a n c e s  from t r a n s m i t t e r  t o  r e c e i v e r  t o  t h e  o b j e c t ;  and 'I(;\ are 
t h e  ampl i tude  t r ans fo rma t ion  f a c t o r s  of e lec t r ic  f i e l d  obvious ly  l i n k e d  
w i t h  t h e  so  c a l l e d  focus ing  factors [58 ] .  The f i r s t  of them i s  equa l  t o  t h e  
r a t i o  of e l e c t r i c  f i e l d  amplitudes induced by t h e  e m i t t e r  a t  t h e  p l a c e  of 
l o c a t i o n  of t h e  o b j e c t  i n  the  given inhomogenous medium and in t h e  vacuum 
f o r  i d e n t i c a l  R 1 2  and f i x e d  o r i e n t a t i o n  of emitter's r a d i a t i o n  p a t t e r n  rela- 
t i v e  t o  t h e  d i r e c t i o n  of e x i t  of t h e  r a y  h i t t i n g  t h e  o b j e c t .  The second 
c o e f f i c i e n t  i s  determined analogously f o r  t h e  f i e l d  i n  t h e  r e c e i v i n g  zone 
w i t h  t h e  d i f f e r e n c e ,  however, t h a t  h e r e  plasma sur rounding  t h e  o b j e c t  ( E  = c Z )  
i s  taken  f o r  t h e  h y p o t h e t i c a l  uniform medium and no t  t h e  vacuum. The d i f -  
f e r e n t i a l  s c a t t e r i n g  cross-seistion u 1 3  ( c 2 )  is determined i n  t h e  same uni- 
form medium, whereupon d i r e c t i o n s  1 and 3 are chosen t ak ing  i n t o  account t h e  
r e f r a c t i o n .  
by t h e  c r o s s - s e c t i o n  u1O3 i n  t h e  vacuum. I n  p a r t & l a r ,  f o r  i d e a l l y  conduct- 
i n g  o b j e c t s  t h e  s i m i l i t u d e  f a c t o r  f ( E ~ )  = u1 3 ( ~ z ) / u ~ ,  i n  geometroopt ica l  (ka>> 1) 
and q u a s i s t a t i c  ( k o a  << 1 )  

I n  a n x 5 e r  of c a s e s  the quantity u ( E p )  is simpiy expressed  

approximations is  r e s p e c t i v e l y  e q u a l  t o  1 and 

There fo re ,  i n  an inhomogenous medium t h e  r o l e  of  s t a n d a r d  s c a t t e r i n g  

. 

c r o s s - s e c t i o n  is played by the  q u a n t i t y  

which may be c a l l e d  "apparent c ross -sec t ion" ;  
c u l a t i o n  amounts t o  t h e  sea rch  fo r  t r ans fo rma t ion  f a c t o r s  of e l e c t r i c  f i e l d  
ampl i tudes .  

f o r  a g iven  u l ,  ( E ~ ) ,  i t s  c a l -  

I n  t h e  p a r t i c u l a r  case of b a c k s c a t t e r i n g  when i r r a d i a t e d  by en  elementa- 
ry  e l e c t r i c  d i p o l e ,  w e  have by v i r t u e  of r e c i p r o c i t y  r e l a t i o n s  

Rather  d e t a i l e d  c a l c u l a t i o n s  of t h e  c o e f f i c i e n t  T ( E )  i n  an  i l l u m i n a t e d  re- 
g ion  were conducted f o r  l i n e a r  and p a r a b o l i c  p l a n e - s t r a t i f i e d  d i s t r i b u t i o n s  
e(z, [59 ] .  
z > 0 ) ,  is shown i n  F ig .2 ,  where the dependence T ( E ) ( z )  is  p l o t t e d  f o r  r a y s  
emerging from t h e  p o i n t  z = -h with d i f f e r e n t  i n i t i a l  i n c l i n a t i o n  ang le s  

One of t h e  t y p i c a l  cases  r e l a t e d  t o  t h e  l i n e a r  l a y e r  (E = 1 - az, 



0, t o  t h e  a x i s  z (dashed l i n e s  r e f e r  t o  r a y s  having passed t h e  c a u s t i c ) .  
Note h e r e  t h a t  parameter  h = 0.725 w a s  chosen s o  as t o  meet t o  some measure 
t h e  c o n d i t i o n s  of  t h e  E a r t h ' s  ionosphere.  The curves a r e  broken a t  t h e  . 
boundary of geometr ic  o p t i c s  a p p l i c a b i l i t y ,  where t h e  q u a n t i t y  T(E) a t t a i n s  
t h e  maximum v a l u e  ( s e e  below). 

F ig .  2 

P o i n t  S c a t t e r e r s  i n  t h e  Region of  Geometric Opt ics  Dis rupt ion .  For  
o b j e c t s  small  by comparison w i t h  t h e  dimensions of f i e l d  inhomogeneity,the 
method d e s c r i b e d  remains v a l i d  (with some ref inements )  even i n  t h e  case 
when they  are disposed i n  r e g i o n s  where t h e  geometroopt ica l  approximation i s  
i n a p p l i c a b l e . T h u s ,  i n  t h e  case of  e lectro-dipole- type s c a t t e r i n g  t h e  expres- 
s i o n s  f o r  t h e  apparent  c r o s s  s e c t i o n  of b a c k s c a t t e r i n g  
m i s s i o n  f a c t o r  K 1 2 ,  remain w i t h o u t  change egcept  f o r  the f a c t  t h a t  t h e  quan- 
t i t y  
o b j e c t  p o l a r i z a b i l i t y  i n  media w i t h  E = € 2  and E = 1 ( t h e  wave v e c t o r  and t h e  
p o l a r i z a t i o n  of a p lane  wave r e l a t i v e  t o  which (J1, i s  computed, are  determi- 
ned by t h e  d i r e c t i o n  of t h e  unperturbed e l e c t r i c  f i e l d  a t  t h e  g iven  p o i n t  of  
t h e  inhomogenous medium). 

0,; and of  t h e  t r a n s -  

g l  1 ( % )  i s  rep laced  by t h e  product ~ ~ o ~ f ( . - ~ ) ,  where f(8J i s  t h e  r a t i o  of 

0 

I n  t h e  f e e b l y  inhomogenous plasma cons idered  by u s  w e  may s e p a r a t e  t h r e e  
c h a r a c t e r i s t i c  r e g i o n s  i n  which geometric o p t i c s  are i n a p p l i c a b l e  f o r  a g i v e n  
p o s i t i o n  of  t h e  source :  t h e  near -caus t ic  r e g i o n ,  t h e  shadow and plasma reso-  
nance r e g i o n s  ( i n  t h e  v i c i n i t y  o f  E = 0) .  The i n d i c a t e d  r e g i o n s  d i f f e r  among 
themselves by t h e  s t r u c t u r e  of t h e  f i e l d  and t h e  method of  i t s  c a l c u l a t i o n ,  
though even h e r e ,  as a r u l e ,  one may s t a r t  from somewhat modif ied r a d i a l  re- 
p r e s e n t a t i o n s .  

For a r e g i o n  n e a r  a c a u s t i c  s u r f a c e  ( t h e  shape of c a u s t i c  s u r f a c e s  f o r  
v a r i o u s  p o s i t i o n s  of t h e  source  and v a r i o u s  forms of medium inhomogeneity 
w a s  i n v e s t i g a t e d  i n  [601) t h e  CorresDonding method was expounded i n  r61. 621 
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(see a l s o  [ 6 3 ] ) .  I n  essence ,  t h i s  method i s  t h a t  of  s t a n d a r d  E y r i  f u n c t i o n s ,  
b u t  t h e i r  arguments and c o e f f i c i e n t s  a r e  computed by t h e  s t a n d a r d  formulas  of  
geometr ic  o p t i c s .  I t  i s  necessary t o  stress t h a t  t h e  r e g i o n  of  geometro-opti- 
c a l  approximation i n  f a c t  ex tends  through t h e  f i r s t  maximum of t h e  E y r i  func- 
t i o n ,  where i t s  e x a c t  v a l u e s  s t i l l  remain c l o s e  t o  asymptot ic .  
a g a i n  t o  Fig.2 where curves  T ( E ) ( z )  are p l o t t e d ,  l e t  us  remark t h a t  t h e  maxi- 
mum v a l u e s  of  T(E) correspond p r e c i s e l y  t o  t h e  f i r s t  maximum and are ,  as may 
be  seen  from t h e  drawing, s u f f i c i e n t l y  g r e a t ,  so  t h a t  a t  O,, = 60' t h e  g a i n  i n  
b a c k s c a t t e r i n g  c r o s s - s e c t i o n  (,/J!!) may c o n s t i t u t e  more than  t h r e e  o r d e r s .  
Note t h a t  t h e  s t r o n g  s c a t t e r  e f f e c t  near  t h e  c a u s t i c  s u r f a c e  was f i r s t  es- 
t a b l i s h e d  i n  [ 6 4 ] ,  a p p l i c a b l y  t o  f l u c t u a t i o n s  i n  t h e  ionosphere.  

R e f e r r i n g  

Applicably t o  t h e  r e g i o n  of  c a u s t i c  shadow t h e  g e n e r a l i z a t i o n  of t h e  geo- 
metric o p t i c s  method i s  based upon t h e  i n t r o d u c t i o n  of complex r a y s  [ 6 5 ]  ( s e e  
a l s o  t h e  review paper  [ 6 6 ] ) .  A s  to t h e  resonance r e g i o n  (w w, (&E.> # 0 ) ,  
t h e  g e n e r a l i z a t i o n  of "complex" geometric o p t i c s  i s  a p p a r e n t l y  p o s s i b l e  f o r  
a s u f f i c i e n t l y  f a r  withdrawal  of t h a t  r e g i o n  from c a u s t i c  s u r f a c e  i n  t h e  case 
of l i n e a r  t r a n s i t i o n  of E through zero and provided Whit taker  f u n c t i o n s  are 
used f o r  s t a n d a r d  ones [ 67 ] .  However, i n  t h e  more i n t e r e s t i n g  case of  c l o s e  
d i s p o s i t i o n  of  c a u s t i c  and resonance s u r f a c e s  (when t h e  resonance increase o f  
ampl i tude  bccomes maximum [ 9 ] ) ,  one can n o t  g e n e r a l i z e  t h e  geometro-opt ical  
method by v i r t u e  of t h e  absence of u n i f i e d  s t a n d a r d  f u n c t i o n s .  S p e c i a l  con- 
s i d e r a t i o n  is  a l s o  r e q u i r e d  of resonance r e g i o n s  w i t h  a n o t h e r  c h a r a c t e r  of 
t r a n s i t i o n  through zero [ 7 ] .  A s  t h i s  t r a n s i t i o n  "smoothes out" ,  i. e. as t h e  
number of d e r i v a t i v e s  becoming zero i n c r e a s e s ,  t h e  e f f e c t  of resonance in -  
crease of  t h e  f i e l d  g r a d u a l l y  a t t e n u a t e s  and vanishes  completely i n  t h e  l i m i t  
case of  a uniform l a y e r  wi th  E = 0. (At t h e  same t i m e  i f  v / w  -t 0 f o r  a l l  t ran-  
sitions excpet the Iiilear, tiie S u r i a c e  E = 0 is r'ound be a n  i d e a i  s c r e e n  re- 
l a t i v e  t o  TM-type f i e l d s ) .  
p r e s s e d  s u f f i c i e n t l y  s t r o n g l y ,  t h e  decrease  of t h e  s i m i l i t u d e  f a c t o r  f ( ~ 2 )  
i s  h i n d e r i n g  t h e  s i g n i f i c a n t  Lncrease of t h e  apparent  c r o s s - - s e c t i o n .  Thus 
f o r  a small m e t a l l i c  o b j e c t  = E;) f o r  v a l u e s  of parameters  c l o s e  t o  
i o n o s p h e r i c ,  t h e  r a t i o  ~ ; ~ / o \ O i  
ReE2 -P 0. 

However, even i n  t h e  case when t h i s  effec: i s  ex- 

approaches i n  t h e  b e s t  case t h e  u n i t y ,  as 

One of t h e  most c u r i o u s  example i s  t h e  reg ion  of lowered c o n c e n t r a t i o n  
i. e.  t h e  plasma c a v i t y  considered i n  t h e  preceding s e c t i o n  a s  an o b j e c t  on 
which s c a t t e r i n g  may have a resonance c h a r a c t e r .  I f  t h e  wavelength i n  t h e  
sur rounding  plasma is s m a l l  by comparison w i t h  t h e  c h a r a c t e r i s t i c  dimension 
of t h e  c a v i t y  and wi th  d i s t a n c e s  over which a s u b s t a n t i a l  plasma d e n s i t y  d i f -  
f e r e n t i a l  t a k e s  p l a c e  i n s i d e  i t ,  a l l  k inds  of resonance e v e n t s  v a n i s h  comple- 
t e l y  and t h e  problem of s c a t t e r i n g  i s  reduced t o  t h e  s tudy  of r a y  r e f r a c t i o n  
i n  t h e  c a v i t y  i t s e l f  and i n  t h e  surrounding medium. The inhomogeneity of t h e  
l a t t e r  then  a c q u i r e s  an extremely important r o l e ,  inasmuch as a d i r e c t  inver -  
s e  r e f l e c t i o n  from t h e  c a v i t y  considered i s  absent  i n  g e n e r a l  i n  geometr ic  
o p t i c s  approximation and t h e  r e t u r n  of t h e  s c a t t e r e d  s i g n a l  t o  t h e  source  i s  
p o s s i b l e  o n l y  i n  t h e  presence by a d i s t o r t e d  r a d i a l  course  i n  t h e  correspond- 
i n g  manner. Applicably t o  s c a t t e r i n g  on r a r e f a c t i o n  of e l e c t r o n  d e n s i t y  i n  
t h e  E a r t h ' s  ionosphere,  two c h a r a c t e r i s t i c  courses  of such form can be i n d i -  
c a t e d :  1 )  a s  a r e s u l t  of r e f r a c t i o n  on c a v i t y ,  t h e  r a y  r o l l s  o u t  perpendi- 
c u l a r l y  t o  ionosphere l a y e r s ,  r e f l e c t s  from t h e  s u r f a c e  E = 0,  and r e t u r n s  
t o  t h e  s o u r c e  along t h e  same t r a j e c t o r y ;  2 )  a t  passage through t h e  c a v i t y  
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t h e  r a y  undergoes a s t r o n g  r o t a t i o n ,  which i s  s t r o n g e r  than i n  t h e  f i r s t  
case, and d r o p s  on t h e  r e f l e c t i n g  l a y e r s  of t h e  ionosphere a t  an a n g l e ,  en- 
s u r i n g  i t s  r e t u r n  t o  t h e  source  without secondary r e f r a c t i o n  on c a v i t y .  

When t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  i n d i c e s  of r e f r a c t i o n  of t h e  
c a v i t y  and of  t h e  surrounding medium, s c a t t e r i n g  i n  t h e  i n v e r s e  ( r e t u r n )  d i -  
r e c t i o n  s t i l l  may be q u i t e  s i g n i f i c a n t  i f  t h e  wave v e c t o r  of  t h e  i n c i d e n t  
wave i s  o r i e n t e d  a t  t h e  o u t s e t  perpendicular ly  t o  t h e  r e f l e c t i n g  l a y e r s .  
A t  t h e  same t i m e ,  t h e  b a c k s c a t t e r i n g  c r o s s - s e c t i o n  may be  found by way of 
d i r e c t  c a l c u l a t i o n  of d i s t o r t i o n s  of t h e  g e n e r a l  phase f r o n t ,  determined 
wi thout  t a k i n g  i n t o  account  t h e  d i s t o r t i o n  of  r a y s  [57] .  

Cont rac t  No.NAS-5-12487 Trans la ted  by ANDRE L. BRICHANT 
VOLT TECHNICAL CORPORATION 
1145 - 1 9 t h  S t .  NW from 26 through 30 A p r i l  1968 
WASHINGTON D.C. 20036 
Telephone: 223-6700 (XX- 36, 37)  

[ADDENDA] 

* (page 8) The formal  condi t ion  f o r  s u r f a c e  wave reonances i n  t h e  v i -  
c i n i t y  of t h e  p o i n t  E = -1 has the same form as f o r  q u a s i s t a t i c  m u l t i p o l e  
o s c i l l a t i o n s  [24, 251: En + n + 1 =  0; n = 1, 2,  3 ,  ... I t  i s  of i n t e r e s t  
t h a t  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  of a nonabsorbing sphere  of any r a d i u s ,  t h e  
e x p r e s s i o n  f o r  which a t  resonance of n-th o r d e r  always c o n t a i n s  t h e  addend 
271 (2n + l ) / k i  
s p h e r e  of l a r g e  r a d i u s  t h i s  f a c t  was f i r s t  noted i n  [ 3 5 ] ) ;  t h e  i n d i c a t e d  
s i n g u l a r i t y  is ,  i n  t r u t h ,  f u l l y  l i f t e d  by t h e  i n t r o d u c t i o n  of as s m a l l  a n  
a b s o r p t i o n  as  deemed d e s i r a b l e .  

as  n + 00, i. e. as  E -+ -1, becomes i n f i n i t e  ( f o r  t h e  case of  

(page 9)  The c o n t e n t s  of t h i s  and of  subsequent s e c t i o n s  were expounded i n  
a b b r e v i a t e d  form i n  t h e  review [40]. 

** (page 1 7 ) . .  i n s e r t  omission: 

S c a t t e r i n g  on Objec ts  of Large Dimensions (ka >> 1 ) .  When i n  f e e b l y  
inhomogenous medium, i t  may be i n v e s t i g a t e d  d i r e c t l y  i n  t h e  geometr ic  o p t i c s  
approximation wi thout  t h e  above breakdown i n t o  " d i f f r a c t i o n "  and " r e f r a c t i o n "  
p a r t s .  Such a d i v i s i o n  l o s e s  a l l  s e n s e  t h e  more s o  when t h e  dimensions of 
t h e  o b j e c t  ( o r  t o  be  more p r e c i s e ,  of t h a t  p a r t  of i t  by which s c a t t e r i n g  i s  
determined i n  t h e  g iven  d i r e c t i o n )  become comparable wi th  t h e  dimension of 
t h e  inhomogenous medium. At ten t ion  should b e  pa id  h e r e  t o  works [68 - 7 0 ) ,  
where t h e  l o c a l i t y  p r i n c i p l e  is ref ined  and t h e  geometr ic  theory  of d i f -  
f r a c t i o n  developed f o r  o b j e c t s  with impedance boundary c o n d i t i o n s .  
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